Abstract-For the ever-challenging dark matter direct detection, we have developed an optimized detector for over a decade. The ZEPLIN II detector with liquid Xe as a target material is now under construction at UCLA, which will be installed in the 1100-m deep UK Boulby salt mine in early 2002. Two-phase (liquid and gas) Xe scheme has been shown to be very promising for a superior dark matter particle identification. We present Monte Carlo simulation studies of light collection for the ZEPLIN II central detector. The simulation code includes absorption, reflection, and refraction at the interface between liquid and gas. The response of photopeaks to each energy level from 5-keV to 100-keV with the 5-keV bin is linear without any significant statistical fluctuations. The modified light collection efficiency (f mod = recorded photoelectrons/incident photons) is uniform throughout the entire range of gamma energies in this study. We also discuss the need for signal amplification and a large-scale detector in order to cover the comprehensive SUSY-WIMP region with the lowest possible energy threshold.
I. Introduction
T HE experimental search for WIMPs as dark matter is currently one of the most exciting challenges, for both cosmology and elementary particle physics. The existence of invisible matter in the universe is evident simply by looking at the galactic rotation curve, which plots orbit speed of galaxies against distance from the galactic center. The flatness of the curve indicates that there must be galactic dark halos, which contain far greater mass than the visible galactic matters. Dark matter and dark energy [1] are believed to contribute the invisible mass in the universe. The limits on both matter densities and dark energy have been implied by compelling results from recent cosmic microwave background (CMB) anisotropy measurements (for example, see [2] ), which provided a convincing statement of a flat universe, Ω tot = 1, and a limit on cold dark matter density, Ω cdm ≈ 0.31 as well. The universal mass density, Ω, is given by Ω tot, cdm = ρ tot, cdm /ρ c where ρ tot, cdm is the mass density of the present epoch and ρ c is the critical density of the universe. Amongst the matter densities, there are two major classes. One is baryonic dark matter, which is of three quark system making a net integer electric charge, such as proton (uud) and neutron (udd). For example, MACHOs (Massive Compact Halo Objects) are probably baryonic dark matter in the (10 −7 -1) solar mass range [3] . The other type of dark matter is called non-baryonic, for example, WIMPs (Weakly Interacting Massive Particles), axions, or light neutrinoes, which are all hypothetical.
Many astrophysical observations lead to the belief that most of the dark matter is in the form of non-baryonic. Non-baryonic cold dark matter WIMPs are most sought by experiments presently. Our research effort is also to find WIMP dark matter, in the form of theoretically-favored lightest supersymmetric particle (LSP) or neutralino, using liquid Xe as a target with two-phase technique for discrimination of the dark matter signal from backgrounds of gammas and neutrons.
II. Background
WIMP-nucleon scattering cross section is believed to be very small according to predictions from various supersymmetry models, giving estimated interaction rates in the range 0.001 -0.1 events/kg/day. In order to search such a rare event, all other backgrounds must be reduced or discriminated with powerful identification of the origin of the observed signal. The collisions of WIMPs to nuclei would produce detectable nuclear recoils, which are similar to nuclear recoils from neutron-nucleon scattering. In a deep underground site, with neutron background reduced or vetoed to less than 0.0001 events/kg/day, observation of nuclear recoil events above 0.001 events/kg/day would provide a clear signature of new neutral particles. The need for discriminating dark matter detectors in a deep underground facility requires careful evaluations of the detector design, both statistical and novel discrimination methods, and a laboratory with a well-equipped infra-structure for an extended running time.
A. Xe as a Target Medium
Observation of nuclear recoils at a very low event rate pushes to a limit for an optimal target that possesses a large number of merits over disadvantages. Naturally available Xe from atmosphere, our choice of target material, can be obtained in large quantities. Its high atomic number, Z Xe = 54, increases the cross section that is proportional to A 2 . Its high density, ∼3 g/cm 3 in liquid phase, facilitates the feasibility of a small detector volume for a low surface exposure to backgrounds. High yields of scintillation (175-nm) and ionization, and the advantages mentioned above as well make Xe an ideal discriminating dark matter detecting target if treated properly.
In addition, once Xe is highly purified, we can obtain a long light attenuation length over 1 meter and a long free electron life time over 5 msec, with which even a large size of detector does not deteriorate performance. The geometry of the ZEPLIN II detector [4] that drifts ionized electrons in a highly purified liquid Xe to gas phase, increases a background rejection power by seeing secondary electroluminescence signals from gamma backgrounds.
The current theoretical development of SUSY WIMPs models (for example, see [5] ) suggests that there might be a need for a very sensitive detector capable of reaching 0.0001 events/kg/day or less, which will require a very powerful discrimination and a massive detector target vol-ume. The merits of Xe as a target material enable realization of an easy scaled-up detector from the current ZEPLIN II design, for example, 1 ton of liquid Xe for a proposed ZEPLIN IV detector [6] , which will be discussed further below. The fact that there is no long-lived radioactive isotopes, except a double beta decay possible 136 Xe [7] that will be excluded for our experiment, also strengthens Xe to be a good choice.
B. ZEPLIN II Detector
The schematic diagram the ZEPLIN II detector assembly in Fig. 1 (surrounding muon veto and lead shield are not shown) includes a double-layer vacuum thermal insulation vessel with a cooling unit attached to the top portion of vessel, which houses the central detector shown in Fig. 2 . The estimated thermal loss is about 20-W. A frustum-shaped PTFE cup confines 35-kg active liquid Xe. Electron-drift-field-shaping pure copper rings are placed outside the PTFE cup to avoid a fringing field effect on the ionization charge. Two fine mesh frames provide drifted electron extraction field and electroluminescence. Two frames face each other across the interface of phase boundaries. A strong field (over 3-kV/cm) between two frames can effectively extract electrons out of liquid phase. Once electrons are in gas phase, they will undergo electroluminescence process under this strong field, flashing increased secondary electroluminescence light. The scintillation light is collected by seven 5-inch PMTs in a hexagonal configuration. 
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C. Background Discrimination
The ZEPLIN II detector (in Fig. 2 , the central detector is shown) will be installed in a 1100-m deep underground salt mine at Boulby in UK. The underground location of the detector reduces the level of backgrounds extensively. It is also necessary to have discrimination of nuclear recoil events from beta and gamma backgrounds for dark matter search even with the reduced background level. The elastic scattering between WIMPs and Xe nucleon involves two processes, excitation and ionization. In the excitation process, the excited Xe * and the normal Xe form an excited meta-stable Xe * 2 excimer. In the ionization process, the ionized Xe + and the normal Xe form a Xe + 2 ion, which will recombine with some of the ionized electrons to finally become the Xe * 2 excimer. This Xe * 2 from both excitation and ionization will decay with two time constants, 3-ns and 27-ns, which are respectively corresponding to the singlet and triplet states of excited molecules, emitting a 175-nm UV photon. The proportions of these decay processes were found different for excitation by electrons (from gamma interactions) and alphas (similar to nuclear recoils), giving a longer effective pulse decay time for gamma interactions, than for alphas in a small scale laboratory test [8] , If the immediate recombination is prevented by applied electric field in liquid Xe, a secondary scintillation can be produced by drifting ionized electrons into a strong field, proportional to the amount of ionization. The ratio of primary scintillation to secondary scintillation, S1/S2, for alphas is ∼10 times bigger than for gammas. The difference of nuclear recoil signal to background is enhanced by introducing a liquid/gas interface in a two-phase design. The ratio difference of primary scintillation signal to secondary electroluminescence signal for nuclear recoil signals and gamma backgrounds is more apparent, which gives a better discrimination of nuclear recoil signals in the two-phase setup, compared to the single-phase setup. Fig. 3 shows a clear separation between electron and nuclear recoil events in the two-phase liquid Xe test chamber at CERN [9] . 
III. Central Detector Monte Carlo
A. Light Collection
Monte carlo simulation studies of light collection have been performed for the ZEPLIN II central detector. A sample spectrum for 50-keV incident gamma energy is shown in Fig. 4 . Fano factor [10] 0.05 is used to calculate the number of photons generated by incident gamma energy. Other important parameters are: reflectivity of PTFE = 90%, quantum efficiency of PMT = 20%, W s value = 13.0 eV/photon, quenching factor f A = 0.2 [11] in liquid Xe (for example, 50-keV recoil energy = 10-keV gamma energy). Careful evaluations are taken for absorption, reflection, and refraction of generated photon. A randomly located scintillation signal inside the active liquid Xe area is tracked throughout the central detector until it reaches the window of photomultiplier tubes.
From 5-keV to 100-keV with 5-keV intervals, the incident gamma energy is plotted as a function of photopeaks of the spectra (Fig. 5 ). Gamma energy in keV is proportional to 0.744 times of the number of photoelectrons recorded by the PMTs.
Taking the quantum efficiency of the PMTs into account, the modified light collection efficiency is defined as f mod = recorded photoelectrons by the PMTs/the number of incident photons. At each gamma energy with 5-keV intervals, the modified light collection efficiency is plotted as a func- tion of gamma energy from 5-keV to 100-keV in Fig. 6 . The efficiencies are quite uniform regardless of incident gamma energy.
B. Photon Yield, Fano Factor, and Trigger
The average energy needed to produce a photon in liquid Xe is described as a parameter, W s (eV/photon). The most recent published result of W s value in liquid Xe is 14.2-eV from J. Seguinot et al. [12] . W s = 13.0 eV is used for the simulation studies, which was obtained by our group at CERN with the liquid Xe purity level that is similar to the ZEPLIN II detector.
The Fano factor of liquid Xe scintillation only yields well below 1% statistical energy resolution (up to F = 0.07 for 50-keV gamma energy). In order to fully utilize a very small Fano factor fluctuation signature of liquid Xe, the enhanced light collection is necessary toward a more sensitive detector.
The energy threshold of the detector can be adjusted by IV. Ultimate Xe Dark Matter Detector The sensitivity of the detector can be improved further by primary signal amplification. We have explored the idea of using the CsI internal photocathode to amplify primary scintillation light. It is reported that a higher photocurrent production was achieved with over 1.8-kV/cm electric field at the CsI surface in liquid Xe than in vacuum when 220-nm UV light hits the 500-nm thick CsI surface [13] . This technique can also be used to amplify the primary scintillation light of our Xe detector. A CsI-coated PCB board (called a CsI internal photocathode or a CsI luminescence plate) was used in Xe gas-only test chamber by our group [14] . The extracted electrons from the CsI surface are pulled into a strong electric field applied through the holes on the CsI luminescence plate. These electrons then undergo electroluminescence under the field, resulting in high gain of amplified photon production. The overall gain was about 10 when solid angle and other factors were considered in the gas only Xe test chamber. One order of magnitude amplification from this test is very promising so that a thorough study in two-phase Xe is also desirable to confirm the factor of gain. The proposed test cell is shown in Fig. 8 . The test cell will be vacuum-thermal-insulated. chamber will be placed. Combined with signal amplification devices, a large Xe detector with 1-ton fiducial liquid Xe volume may be realized [6] . Increased sensitivity can also be obtained by low background photon readout devices such as GEM [15] , LAAPD [16] , and HPD [17] that have a higher quantum ef-ficiency than that of PMTs. Experiences with the ZEPLIN II design and operation will be fully utilized to optimize a larger Xe detector in the near future. A conceptual 1-ton Xe detector, called ZEPLIN IV, is depicted in Fig. 9 based on the current ZEPLIN II design scheme. Fig. 9 . A conceptual design of the ZEPLIN IV detector.
